ABSTRACT Construction of functional porous titanium scaffold is drawing ever growing attention, due to its effectiveness in solving the mechanical mismatch between titanium implant and bone tissue. However, the poor water permeability as well as the problem in achieving uniform surface modification inside scaffold hinders the further biomedical application of porous titanium scaffold. In this study, largescale functional TiO 2 nanostructures (nanonetwork, nanoplate and nanowire) were constructed on three-dimensional porous titanium scaffolds surface via an effective hydrothermal treatment method. These nanostructures increase the hydrophilicity of the titanium scaffold surface, facilitating the cell culture medium to penetrate into the inner pore of the scaffold. Zeta potential analyses indicate that the surface electrical properties depend on the nanostructure, with nanowire exhibiting the lowest potential at pH 7.4. The influence of the nano-functionalized scaffold on protein adsorption and cell adhesion was examined. The results indicate that the nano-functionalized surface could modulate protein adsorption and bone marrow derived mesenchymal stem cells (BMSCs) adhesion, with the nanowire functionalized porous scaffold homogeneously promoting protein adsorption and BMSCs adhesion. Our research will facilitate future research on the development of novel functional porous scaffold.
INTRODUCTION
Titanium and its alloys are promising materials for dental implants and repairing severe skeletal damage caused by tumor and trauma [1, 2] . However, bulk titanium remains difficult to be used in bone tissue repair not only because of its poor Osteogenic properties but also its inappropriate elastic modulus for bone tissue and less space for bone cells to grow inside [3, 4] . To solve the mismatching in mechanical properties, three-dimensional porous titanium scaffolds were proposed to be built to substitute bulk titanium as bone implant [5] .
Although these porous titanium scaffolds could improve the mechanical mismatching, the bio-inert properties and poor solution permeability still limit the bone-implant related application of the titanium scaffold [6] [7] [8] . In most cases, the pore sizes of the hydrophobic porous titanium scaffolds are in the range of micrometer scale, which hinders the water solution from entering the inner part of the scaffold, resulting in the obstacle in cell permeability and substance exchanges. Thus, altering the surface wettability and bioactivity of the scaffold is the key to achieve effective porous titanium scaffold development.
In order to improve the surface functionality of the titanium and its alloy, various methods, such as sand blasting, electrochemical anodization and plasma spraying, were carried out to build bioactive structures on their surface [9, 10] . However, the above methods are not suitable for porous titanium scaffolds surface modification because these methods are difficult to homogeneously modify the complex micro-structured scaffolds. Thus, it is still a challenge to functionalize porous titanium scaffold surface effectively and uniformly.
In addition to the above methods, hydrothermal treat-ment remains a promising method to construct large-scale nanostructures at relative low temperature and low cost [11] [12] [13] . Hydrothermal treatment has already been used to bioactivate the titanium scaffold surface with functionalized nanostructures [14] . During hydrothermal treatment, the hot aqueous alkali enters the inner pores of the scaffolds, which ensures the uniform distribution of the nanostructures on the surface of the scaffold. Wu, et al. [14] built nanobelts film on a microporous orthopedic NiTi/Ti scaffold via a facile low temperature hydrothermal treatment. In another study, the hydrothermally synthesized nanoporous film was shown to promote new bone formation within the pores of the scaffold compared to the nanostructure prepared by anodization [8] . However, the limited hydrothermal reaction condition of these experiments may hinder further improvement of the osseointegrative properties of the hydrothermally treated titanium scaffold, because the topographical feature of the hydrothermally synthesized nanostructures fabricated on porous titanium scaffolds could present surrounding cells with different mechanotransductive cues to modulate cell behaviors [15, 16] . In this study, large-scale uniform nanostructures with different topographical features were constructed on rapid prototyped titanium scaffolds via controlling the hydrothermal reaction temperature. The composition, electrical and water permeable properties of these nano-functionalized scaffolds were examined. Studies were also performed to evaluate the relationship between protein adsorption and cell adhesion performance of these nanofunctionalized scaffolds.
EXPERIMENTAL SECTION

Construction of porous titanium scaffolds
Cylinder samples (Φ8 mm×5 mm) which possess pore size ranging from 800 to 1000 µm and strut thickness of 300 µm were designed using Magics 11 software (Materialise, Belgium). The designed three dimensional porous titanium scaffold was fabricated by using precommercial Dimetal-280 Selective Laser Melting facility (SLM, South China University of Technology, China) with the same optimized parameters as the previous research [17] .
Preparation of the nanostructures on scaffold surface
These rapid prototyped scaffolds were ultrasonically cleaned in acetone and ethanol, respectively, and acid etched with 1:1 (v/v) HF and HNO 3 solution for 10 min. The nanostructures on porous titanium scaffolds were fabricated in 2 mol L −1 NaOH solution (analysis reagent (AR), Aladdin) in Teflon autoclave for 24 h. The reaction temperatures were 60, 100 and 140°C, respectively. Subsequently, the samples were placed in a 1 mmol L −1 HNO 3 solution for 24 h. Finally, the samples were air-heat treated at 500°C for 2 h.
Characterization of the scaffold and nanostructures
A scanning electron microscope (SEM, ZEISS EVO 18, Germany) equipped with an energy dispersive spectrometer (EDS) system (INCA 200, Oxford) was used to characterize the morphology and composition of the nanostructures. Raman spectroscopy (LabRAM HR800, HORIBA jobin Yvon, France) was used to characterize the phase composition of different nanostructures. Water permeability of nano-functionalized scaffold was examined by detecting the water contact angle using contact angle meter (DSA25, Kruss, Germany). 2 µL volume of water and Dulbecco's modified eagle medium (DMEM) containing 10% fetal bovine serum (FBS) was dropped on the upper surface of scaffold at ambient temperature, respectively.
Zeta potentials of the acid etched titanium, nanonetwork, nanoplate and nanowire functionalized bulk titanium samples were detected using zetameter (Anton Paar SurPass, Germany) in 10 −3 mol L −1 KCl solution. For statistical reasons, four streaming potentials were measured at each pH value. The mean value of three data was used to calculatethe potential/pH function.
Protein adsorption on the nano-functionalized scaffold surface Bovine serum albumin (BSA, Sigma, purity level: 99.8%) and human fibronectin (FN, Gene operation, purity: ≥90%) were used to examine the protein adsorption properties of acid etched, nanonetwork, nanoplate and nanowire functionalized porous scaffolds. For BSA adsorption assay, BSA was dissolved in phosphate buffer solution (PBS, Hyclone) to a final concentration of 1 mg mL −1 . 400 µL protein solution was pipetted onto sample surface, the plate was incubated at 37°C for 4 h. Then the remaining protein solution was removed, and washed for three times. 400 µL 1% sodium dodecyl sulfate (SDS, Sigma) was added to each well to elute the adherent protein at 37°C overnight. The concentration of protein was determined by using a micro Bicinchoninic Acid assay kit (BCA, Thermo) according to the manufacturer's instructions. FN adsorption assay was carried out in 100 µg mL −1 FN solution using the same method. The analysis was performed by using a spectral scanning multimode reader (Varioskan Flash, Thermo Scientific) at 562 nm. The standard curve of the protein was obtained according to the guidance. When it came to statistical analysis, oneway ANOVA analysis of variance was used to identify significant differences (significance threshold: *p<0.05, **p<0.01).
Cell culture and cellular morphology observations
The nano-functionalized scaffolds were autoclave sterilized. Mouse bone marrow derived mesenchymal stem cells (BMSCs, ATCC, USA) of passage 4 were used for the cell assay. BMSCs were seeded in 48-well plates in normal growth media (10%FBS+DMEM, Gibco) at a density of 10,000 cells/well. The samples with the seeded cells were placed in a 37°C incubator under 5% CO 2 .
SEM was applied to observe the spreading morphology of BMSCs. Cells were fixed on the scaffolds with 2.5% glutaraldehyde for 2 h, then rinsed with PBS three times; dehydrated with a graded series of ethanol (30%-100%) and dried in a critical point dryer, coated with platinum and examined under SEM at 10 kV.
RESULTS AND DISCUSSION
In this research, we used SLM facility to fabricate cylindrical porous titanium scaffolds (8 mm diameter and 5 mm height). The unit cell of the porous scaffold was designed as regular octahedral lattice to facilitate the Additive Manufacturing process [18] . Without addition of any support structure, the porous titanium scaffolds with highly interconnected pore structures were fabricated using the SLM facility (Fig. 1). Fig. 1a, b shows the top and side view of the scaffold, and the results indicate that the strut thickness is only about 30 µm deviated from the designed 300 µm thickness. This interconnected porous scaffold could not only provide more space for newly formed bone tissue to connect with the scaffold, but also facilitate blood vessel and nerve formation [3, 19] . The acid etching treatment was taken to wipe off the oxide layer on the surface of the porous titanium scaffold. The acid etched titanium scaffold surface shows micro-scale steplike structures (Fig. 2a, a1) . During the acid etching process, the titanium atoms at the grain boundary was preferentially etched due to the potential difference between grain boundaries and grains. The different etching velocity between titanium grain boundaries and grains results in the micro-scale step-like structures on the porous scaffold surface.
To achieve large-scale nanostructures construction on the titanium scaffold, hydrothermal treatments were carried out. The nanostructures were prepared via hydrothermal synthesis, during which the TiO 2 nanostructures were constructed on the titanium scaffold surface through a dissolution recrystallization process, and the product nanotopography could be dominated by the reaction temperature [20, 21] .
When the reaction temperature increased, more titanium precursor would dissolve, resulting in more nuclei formation on the surface of the titanium scaffolds. Meanwhile, higher temperature speeded up the recrystallization process, resulting in a higher nanostructures growth rate [20, 21] . Thus, the nanostructures fabricated on the porous titanium scaffold surface could be tuned via controlling the hydrothermal temperature. With the increase of the hydrothermal treatment temperature from 60, 100 to 140°C, large-scale and uniform nanonetwork, nanoplate and nanowire films could be fabricated on the porous titanium scaffold respectively (Fig. 2) .
EDS spectra (Fig. 3a) of the nanostructures indicate that all the nanostructures are mainly composed by titanium and oxygen element after the following acid immersion and heat treatment. Raman spectra (Fig. 3b) were ascribed to the anatase TiO 2 , and the other two peaks at 441 and 637 cm −1 were ascribed to the rutile TiO 2 . Various previous studies indicated that the morphology of the nanotopographical features could affect the cellular differentiation process [15] .
To mimic the in vivo body fluid penetration into the nano-functionalized titanium scaffolds, contact angle of the ultrapure water and DMEM solution was taken using a contact angle meter. As shown in Fig. 4a, a1 , both water and DMEM solution could not penetrate into the acid etched titanium scaffold, and their contact angles were 112.5±5.4°and 122.0±8.3°, respectively. These results mean that the acid etched titanium scaffold is hydrophobic, making the water solution difficult to penetrate into the inner surface, which is in accordance with previous reports [8, 22] , which will hinder its application as bone implants. The nanostructures constructed on the scaffold surface via hydrothermal treatment increase the specific surface area of the scaffold and thus alter the wettability of the scaffold. Both water and DMEM solution would spread along the nano-functionalized scaffold surface to penetrate into the inner surface of the scaffold, which is supposed to facilitate cells and nutrition exchanges (Fig. 4) .
The surface electrical cues conveyed by the TiO 2 nanostructures were demonstrated to affect protein adsorption and stem cell behaviors [23] . To evaluate the surface electrical properties of the nanostructured films, zeta potential, the potential between the Stern layer and the dif- ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   560 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . fuse layer, was detected on bulk samples constructed with the same selective laser melting parameters and hydrothermal conditions [24] . When the nano-functionalized samples were immersed into an aqueous solution, its surface would immediately cover by hydroxyl groups [25] . And due to their different specific surface areas, the amount of formed hydroxyl groups would vary among the nanonetwork, nanoplate and nanowire functionalized samples. Different amount of hydroxyl groups would induce distinct unspecific adsorption of electrolyte ions on these nanostructures surface, which induced the zeta potential difference among these nanostructures [26] . The zeta potential measurement results suggest that the asprepared TiO 2 nanostructures could convert the zeta potential of the titanium substrate, and the lowest zeta potential was obtained on the nanowire surface compared with the other nanostructures at pH > 4.2. At physiological condition (pH 7.4, illustrated with a dash line in Fig. 5 ), the lowest zeta potential was obtained on the nanowire group reaching approximately −50 mV. These results indicate that the zeta potential of the samples is closely related to the TiO 2 nanostructures.
In in vivo environment, the biological response to biomaterial is mediated by the adsorbed protein layers on the biomaterials surface. In order to examine the amount of protein adsorption on the nano-functionalized porous titanium surfaces, the samples were examined with FN and BSA, which are the representative cell adhesive protein and the model protein, respectively. The quantitative analysis using a BCA (Fig. 6 ) indicated that the nanofunctionalized porous titanium scaffold could promote both FN and BSA adsorption, with the nanowire functionalized titanium scaffold achieving the highest adsorbed protein amount. Nearly 5-fold increase in FN adsorption could be observed on nanowire sample compared to the acid etched porous titanium scaffold. Moreover, almost 4-fold increase in BSA adsorption could be observed on nanowire sample compared to the acid etched porous titanium scaffold. The nanoplate shows moderate BSA and FN adsorption property. Thus, there is a positive correlation between protein adsorption and zeta potential (Fig.  5) as well as the aspect ratio of the nanostructures. And many researches demonstrated that the protein adsorbed on the nanostructures would mediate the cell nanotopographical interactions via the mechanotransductive cascade [27, 28] .
To examine the cell adhesion on these nano-functionalized scaffolds, BMSCs were cultured on these functionalized scaffolds for 24 h. The cells on the scaffolds surface were fixed and observed using SEM. The results indicate that the BMSCs attached well and became elongated on all the nano-functionalized porous titanium scaffolds, showing a spindle-shaped morphology (Fig. 7) . Moreover, the cells on the nanowire functionalized scaffolds obtained a larger spreading area compared to the cells on the acid etched titanium scaffold. The magnified SEM images (Fig.  7a1-d1) show that the BMSCs attach to the scaffold surface via filopodia, and the bonding between the filopodia and the nanostructures would guide cells to perceive and respond to the nanotopographical cues [29, 30] .
Previous studies have demonstrated that cell adhesion is closely related to the preadsorbed protein layers on the substrate surface [13, 28] . In this study, the nanostructures constructed on the porous titanium scaffolds have been demonstrated to acquire different cell adhesive protein adsorption ability. Because the nanowire functionalized scaffolds adsorbed more FN and BSA compared to the other nanostructures (Fig. 6a) . The increasing protein adsorbed on nanowire structure may provide more sites for cells to adhere and spread. The hydrothermal treatment provided an easy and effective way to functionalize porous titanium scaffolds surface with large-scale nanostructures, which would be expected to modulate BMSCs behavior.
CONCLUSIONS
In this research, large-scale uniform nanonetworks, nanoplates and nanowire films were constructed on rapid prototyped porous titanium scaffolds surface through controlling the hydrothermal treatment temperature. These nanostructures were demonstrated to be mainly composed by anatase and rutile TiO 2 . The water solution permeability of the porous titanium scaffold was improved by the introduction of these nanostructures. Due to a large specific surface area, excellent solution permeability and relative lower Zeta potential, significant increase in FN and BSA adsorption were achieved on the nanowire-functionalized porous titanium scaffold compared to other porous titanium scaffolds, and further promote cell adhesion and spreading on the nanowire-functionalized scaffold. The research reveals that hydrothermal treatment is a convenient and effective way to functionalize porous titanium scaffold for biomedical application. ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   562 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
